ABSTRACT Using 4 years of data from the Mass Time-of-Flight and Proton Monitor, two CELIAS sensors on board SOHO, we report the sulfur abundances in comparison to magnesium and calcium (two low first ionization potential elements) for the slow solar wind, and for the first time we measure the sulfur isotopic abundance ratio. For the period in which the proton velocity was 380 AE 2 km s À1 we obtain ½S/½Mg ¼ 0:26 AE 0:03, ½S/½Ca ¼ 4:7 AE 0:5, and ½ 34 S/½S ¼ 0:043 AE 0:009. We compare these measurements with the available measurements reported in the literature, and we check the quality of the results by using the magnesium isotopic ratio and the calcium-to-magnesium abundance ratio as a control. Finally, as a further result we also obtain the absolute abundance of the previous elements. In astronomical notation we have A S ¼ 7:44 AE 0:04, A Mg ¼ 8:03 AE 0:05, and A Ca ¼ 6:77 AE 0:04.
INTRODUCTION
It is well known that in the corona and solar wind the elements with a low first ionization potential (FIP), below $10 eV, are systematically enriched with respect to their photospheric abundances. This phenomenon is even more evident if we consider the first ionization time (FIT) rather than the FIP, as was shown by Geiss & Bochsler (1986) , and in any case the FIP effect is approximately independent of mass. Several models have been proposed to reproduce the observed fractionation pattern. As reported by von Steiger (1996) , the general idea of most of them is that the ultraviolet solar photons ionize the atoms and an ion-neutral separation occurs in the lower chromosphere. Marsch et al. (1995) proposed that the separation is realized by the interaction between hydrogen and heavy elements in the presence of a vertical uniform magnetic field. In this first attempt at explanation, they had to invoke possibly somewhat artificial boundary conditions, being different for chromospheric ions and neutrals. More recently, Arge & Mullan (1998) proposed that reconnection events of the magnetic field in the chromosphere heat the ions (but not the neutrals), which would increase the ion density in higher layers. However, this model does not account for the difference between the slow and fast solar wind. Composition measurements of heavy ions in the solar wind show that for the fast solar wind an enrichment of the [X]/[O] ratio with respect to the photospheric ratio by about a factor of 2 is observed, while for the slow solar wind the enrichment of this ratio is a factor of 4. Then Schwadron et al. (1999) envisaged ion heating by waves coming down from the corona with a wave spectrum specified to give the correct abundance enhancement. Finally, Laming (2004) considered the effect of nonresonant waves on chromospheric ions through the action of the ponderomotive force created by Alfvén waves propagating through the chromosphere. Since the resulting acceleration is independent of the ion mass, in such a model the mass independence of the fractionation comes out naturally, without having to specify a wave spectrum.
In the context of this rich discussion the measurement of sulfur abundance in the solar wind provides an additional constraint. In fact, sulfur is on the border between the low-and high-FIP elements ( FIP = 10.4 eV and FIT = 12 s; Marsch et al. 1995) . In recent years the determination of its photospheric abundance has evolved substantially. Recently, Asplund et al. (2005) reported a sulfur photospheric abundance in agreement with the meteoric one. In this paper we present the determination of the elemental ratios [S]/[Mg] and [S]/[Ca] in the slow solar wind. Since calcium and magnesium are two low-FIP elements, we will be able to determine the behavior of sulfur in the FIP context comparing the measured ratio value with the corresponding ratios in the photosphere.
Probably the earliest determination of sulfur in the solar wind was made by Shafer et al. (1993) , who give a value of ([S]/[Si]) for the fast solar wind (in a coronal hole) of 0:4 AE 0:15 and in a driver plasma, 0:3 AE 0:12. (2007) we reported a preliminary analysis of the sulfur abundance, which we improve in the present paper.
DATA REDUCTION
For our purpose we use 4 years of solar-wind mass spectra provided by the Mass Time-of-Flight (MTOF), one of the CELIAS sensors (Hovestadt et al. 1995) on board SOHO. The CELIAS data processing unit accumulates time-of-flight (TOF) spectra every 5 minutes from the ions recorded with the MTOF sensor. The related data are then written in a daily file and marked with the time of acquisition given in international atomic time (TAI ). Almost at the same time, the Proton Monitor (PM) sensor, also part of CELIAS, records the velocity, density, and thermal velocity of incoming protons (Ipavich et al. 1998 ). The information provided by both sensors is suitable to analyze the mass spectra, since the MTOF response Giammanco et al. 2007 ) and the solar-wind characteristics depend on the velocity of incoming protons and heavy ions . We select a narrow solar-wind proton velocity interval around 380 Y 400 km s À1 with a tolerance of AE2 km s À1 , in the slow solar-wind range where the PM instrument function is known best. The specific ion velocity is related to the proton velocity via a linear relation . Note that the acquisition time of the two sensors can have a delay of some seconds to 1 minute; thus, we interpolate the PM data first to superpose the two temporal axes, then we select only the 5 minute MTOF spectra with the proton speed in the two specified ranges. Once we have the corresponding TAI of the selected data, we check the instrumental status of MTOF, and we integrate all the spectra relative to the same proton speed and instrument status. Then, to have good statistics, we select only the integrated spectra which contain more than 800 5 minute periods.
The status of the MTOF mass spectrometer is determined by two voltages, V wave and V F , where in general terms V wave is responsible for accepting the incoming ions over a large energy per charge range and preventing the solar-wind protons and -particles from entering the instrument. The voltage V F modifies the total acceptance of the MTOF sensor. The MTOF status and the solar-wind parameter taken by the PM are needed to calculate the MTOF sensor response . In addition, the MTOF sensor response is different for every ionization state of an incoming ion. Since MTOF does not measure the charge state, we calculate the charge state distribution using the ionization tables by Mazzotta et al. (1998) .
The integrated spectra are from the period between 1996 and 1999, up until the gap in SOHO activity. After 1999 the sensitivity of MTOF decreased by a factor of 10. For this reason, also taking into account the years from 1999 to 2006 does not give a significant statistical improvement. On the contrary, recently several problems were identified concerning the determination of the efficiency of SOHO after the gap in SOHO activity (J. Paquette 2007, private communication). Finally, taking into account 4 years of data ensuresre a good temporal mean for the values obtained. In fact, it is known from previous studies that on short timescales there are significant variations in the composition of heavy elements in the solar wind (Wurz 2005) .
RESULTS
For the selected velocity ranges of 380 AE 2 and 400 AE 2 km s
À1
we have analyzed the spectra obtained for the combination of set voltages V wave ¼ 8744 V and V F ¼ 10 V, which are in the interval of a well-determined instrumental response. In order to estimate from these spectra the total number of incoming ions of an element of interest, we fit them by the function where the index i is the mass number of the element and the variable t is the channel number in the TOF spectrum of the recorded atoms. In equation (1) the peaks for each element are described by a combination of a Gaussian and Lorentzian function, and the background is described by a third-order polynomial. The peak widths i and g i are scaled proportional to their TOF. As we show in Figure 1 the fit agrees with the measured data very well and does not present a limitation to further analysis. In Table 1 we report the mean counts per 5 minutes found for each analyzed element.
In order to compare the counts obtained for two different elements, we have to divide them by the instrument function. As discussed in the previous section this function also depends on the ionization state of the incoming atoms. In Table 2 we give the instrument function for the various charge states of the ions of interest. Since we do not perform simultaneous measurement of the ionization state, we use the Mazzotta et al. (1998) tables and model the freeze-in temperature depending on the wind velocity ). The final results are shown in Table 3 , where we also give the estimated abundance of the analyzed elements relative to hydrogen. The latter is possible thanks to the proton density measurements carried out by the PM.
DISCUSSION AND CONCLUSIONS
In this paper we present the measurement of the element ratio of sulfur compared to calcium and magnesium in the regime of the slow solar wind. We measure the peaks of the three elements from the same spectrum using only one fit function (which supposes the same shape for all peaks in the range; eq. [1]). As an additional test of the quality of the measurement, we also present the ratio of Mg and Ca in Table 3 . Both Mg and Ca are low-FIP elements, and according to the general understanding of the FIP fractionation process, they must follow the same fractionation, maintaining a constant ratio from the photosphere to the solar wind and meteoric values. As a second test we check the isotopic abundance of 34 S, which at the same time represents the first measurement of this isotope. In the solar wind the results agree well This comparison also supports the concept that sulfur is a border element between the low-and high-FIP elements, since its enrichment in the slow solar wind is less than that of a typical low-FIP element like magnesium or calcium. Laming (2004) modeled the FIP fractionations of the different elements as a function of the Alfvén wave energy density and found good correspondence between the model values and observational values (Feldman & Laming 2000; Feldman & Widing 2003) at an energy density of 0.04 ergs cm
À3
. In agreement, our sulfur fractionation measurement (1:6 AE 0:4) points to an energy density between 0.028 and 0.04 ergs cm À3 . Unfortunately, the same analysis for the fast solar wind could not be performed with the same quality, which is why the results are not shown here. However, it is expected that the fractionation is less in the fast solar wind. The earlier results from Shafer et al. (1993) and Wurz ( , 2005 support this picture. Only the results from von Steiger et al. (2000) appear to show a different behavior, i.e., that sulfur behaves like a high-FIP element, where the S/O ratio is the same for the slow and fast solar wind.
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